ABSTRACT This study investigates the developmental morphology changes on the proventriculus and gizzard of African ostrich chicks using gross anatomy, and light and transmission electronic microscopy. The body weight; the weight of the proventriculus and gizzard; the thickness of simple tubular glands, muscularis mucosae, compound tubular glands, and muscular layer of the proventriculus; and the thickness of the gizzard glands and muscularis mucosae were measured on postnatal d one, 45, 90, and 334. Under transmission electronic microscopy, the oxynticopeptic cells, mucous cells, and endocrine cells were observed in the proventriculus on postnatal d one, 45, and 90. Our results revealed that the weights of the proventriculus and gizzard (relative to the body weight) both peaked on d 90, respectively, and declined thereafter. The thicknesses of the simple tubular glands, muscularis mucosae, compound tubular glands, muscular layer of the proventriculus, and gizzard glands increased with increasing bird age. However, the thickness of the muscularis mucosae in the gizzard peaked on d 90 and gradually decreased thereafter. The result of transmission electron microscopy revealed that the glands in the submucosa layer of the proventriculus did not differ from other cell types, aside from an increase in cell diameter and an increase in cytoplasmic content. A significant increase in the number of mitochondria and smooth endoplasmic reticulum was noted, as well as an in granules secreted by endocrine cells. Therefore, to improve brood rates of reared African ostrich chicks, feed management ought to be enhanced between postnatal d one and day 90.
INTRODUCTION
Food digestion is important at all stages of life. The length, volume, relative weight, and morphology feature of the stomach generally dictate digestion ability. Studies on the stomach have revealed that the size of the stomach and its digestive activities are altered during development in animals (Nir et al., 1993; Deren, 1971; Jensen, 1997; Fukuda, 2005; Mason et al., 2013; Garcia et al., 2014) .Only a few studies performed thus far have investigated the stomach of the ostrich. The histological features of the ostrich stomach have recently been reported: The ostrich stomach reveals simple superficial proventricular glands and branchedz tubular glands, while deep proventricular glands are restricted to a slipper-shaped area and extend to the muscularis mucosae; the gizzard exhibits a variably developed muscularis mucosae, a feature that is unique to the ostrich (Bezuidenhout, 1990) . Iji et al. (2003) have previously classified the development of the digestive tract of African ostrich chicks as having an 11-fold increase in body weight between 3 and 72 d of age; the relative weight of the proventriculus/gizzard also increases with age, and the digestive enzymatic activity is altered during development. In general, to understand or speculate on the capacity of the stomach to digest nutrients, it is important to examine the morphological changes occurring therein and the digestive enzymatic activity during development. However, as mentioned above, some studies have focused on changes in the size of the stomach and the activity of digestive enzymes during development, but none has investigated the morphological changes occurring in the stomach.
In this study, we examined the developmental changes that occur in the proventriculus and gizzard of African ostrich chicks, in order to understand or speculate on the capacity of the stomach to digest and absorb nutrients.
MATERIALS AND METHODS

Animals and Experimental Design
African ostrich chicks (12 females and 12 males) were obtained from the Ostrich Research Institute of Yangtze University, Hubei Province, China, on postnatal d one (newly hatched chicks) and were transported to a battery house, where feed and water were made available 2006 ad libitum. The 24 birds were divided into 4 groups (3 male and 3 female ostriches per group) on the basis of their body weight (BW) and equalizing BW and the variance among groups. All the birds were maintained in a heated room with slatted plastic flooring and were fed a starter diet, which was formulated according to the specifications of the Elsenburg Ostrich Feed Databases (Brand, 2000) , on postnatal d one to 334. Water and feed were provided ad libitum. All procedures were approved by the Animal Care and Welfare Committee of our Institute.
Tissue Sampling
On postnatal d one, 45, 90, and 334, the animals were weighed and deeply anesthetized with 10% urethane (Chaoyang Secondary School Chemical Plant, Shanghai, China) at a dose of one g/kg BW. The abdomen was opened, and the entire stomach, from proventriculus to gizzard, was removed. The total weight of the ostrich chicks was recorded for the different age groups. Furthermore, the proventriculus (chosen glandular part) and gizzard (approximately 2 cm) were obtained and gently flushed with 0.85% normal saline to remove the content and fixed with a different solution for more than 24 hours.
Light Microscopy
The proventriculus and gizzard tissue samples for light microscopy observation were fixed with 4% paraformaldehyde phosphate-buffered solution (PBS; 0.1 mol/L, pH 7.4) for more than 24 h, then, dehydrated, cleared, and embedded in paraffin. Several sections (5 μm) were cut on a Leica microtome (Nussloch GmbH, Wetzlar, Germany), mounted on slides, and stained with hematoxylin and eosin (H/E). For all assays, the sections were deparaffinized in xylene, rehydrated in a graded alcohol series, and examined under a light microscope (BH-2; Olympus, Japan).
Transmission Electron Microscopy
For transmission electron microscopy (TEM) observation, samples were fixed with 3% glutaraldehyde for 24 h, rinsed with 0.1 M cacodylate buffer at pH 7.4, post-fixed for one h in 1% osmium tetroxide, dehydrated through a graded series of ethanol, and, finally, embedded in Epon. Selected fragments of the Epon blocks were sectioned with an ultramicrotome and stained with uranyl acetate and lead. Then the sections were observed under a transmission electron microscope (FEI TecnaiG 2 12, Eindhoven, Netherlands).
Measurements
After the samples had been stained with H&E or uranyl acetate and lead, 3 cross sections were prepared for each tissue sample per d of analysis. For each proventriculus and gizzard cross-section, we selected 10 intact, well-oriented samples for our experiments, which we conducted in triplicate (30 measurements for each sample). The simple tubular glands depth of the proventriculus was measured from the top of the mucous epithelium to the muscularis mucosae junction. The muscularis mucosae depth was defined as the distance from the outside muscularis mucosae edge to the outside of the opposite muscularis mucosae junction edge. The compound tubular glands depth of the proventriculus was defined as the distance from the muscularis mucosae to the muscular layer. The depth of the gizzard glands was defined as the distance from the base of the crypt (sunk by the mucous epithelium layer) to the junction of the lamina propria and muscularis mucosae. Muscle thickness of the proventriculus was measured from the junction between the submucosal and muscular layers to that between the muscular layer and the adventitia. All measurements were performed under an Olympus light microscope, using the HMIAS-2000 high-definition chromatic color medical science figure analysis program (Qianping, Wuhan, China).
Statistical Analysis
An analysis of variance (ANOVA) was performed using the generalized linear model procedures of the SAS Institute (2000) to examine the differences between the samples examined at various time points. Contrasts between treatment means were evaluated by Duncan's multiple range test at a significance level of 5%.
RESULTS
All results presented are those obtained for both the female and male chicks; no gender-specific effects were observed.
BW and Gross Anatomy of the Proventriculus and Gizzard
The chick BW and the weight of the proventriculus and gizzard (Table 1) increased from d one to d 90 (P < 0.05). The increase in BW and the total weight of the proventriculus and gizzard was higher (P < 0.05) from d 45 to d90 than from d one to d 45 (P < 0.05). A similar trend for the relative weights was not observed between the proventriculus and gizzard. The relative weight (proventriculus weight/BW) of the proventriculus (Table 1) 
Morphometric Measurements
In the proventriculus, the depth of the simple tubular glands (Table 2 and from d one to d 90 (P < 0.05; Table 2 ). In the gizzard, the height of the gizzard glands (Table 3 and Figures  2A, 2B , and 2C) increased from d 1 to d 334 (P < 0.05), while the thickness of the muscularis mucosae (Table 3 and Figure 2 ) increased from d one1 to d 90, peaking on d 90, before gradually decreasing (P < 0.05).
Transmission Electron Microscopy Observation
Transmission electron microscopy was used to observe proventriculus tissues at postnatal d one, 45, and 90, and oxynticopeptic cells, mucous cells, and endocrine cells were observed in the glandular tubules of the deep tubular glands (Figure 3) . Although from d one to d 90, the most common differences among these cells were an increase in the diameter of the cells and an increase in cytoplasmic content and number of mitochondria and smooth endoplasmic reticula. Other differences among the cells also were noted, which are outlined below.
Oxynticopeptic Cells Zymogen granules and oxyntic tubules increased from d one to d 90. When compared with d 45, the oxynticopeptic cells of d one not only contained abundant mitochondria but also copious smooth endoplasmic reticula. By d 90, the microvillus in the lumen became less distinct ( Figures 3A, 3C,  and 3D) .
Mucous Cells The number and the diameter of the mucinogen granules and mitochondria increased from d one to d 90 ( Figures 3B and 3E) .
Endocrine Cells An increase in the granules secreted by the endocrine cells and an increase in the diameter of the granules were observed, while the space between the boundary membrane and the granules narrowed ( Figures 3B and 3F ).
DISCUSSION
Gross Anatomical Characteristics
The main functions of the digestive system are for feeding, food digestion, and absorption of nutrients; the length, volume, and relative weight of the digestive organs generally dictate digestion and absorption ability. The stomach mass of broiler and egg type chicks (Nir et al., 1993) , growing-finishing barrows and gilts (Overholt et al., 2016) , goats (Garcia et al., 2014) , and rats (Kasai et al., 2012) has been reported to increase in direct proportion to BW. In the present study, we demonstrated that the weight of the proventriculus and gizzard -as well as the whole-body growth rate -of African ostrich chicks increased from d one to d 90. We also found that the relative weight of the proventriculus increased from d one to d 45, stabilized from d 45 to d 90, and peaked on d 90, while the relative weight of the gizzard increased from d one to d 45, peaked on d 45, and subsequently decreased slightly from d 45 to d 90. These results suggest that proventriculus and gizzard development reach maturity on d 45. This observation is consistent with that reported previously by Iji et al. (2003) . In a previous study on meat-and eggtype chickens, body weight, the weight of the digestive organs, and activities of some digestive enzymes were determined from hatch to 14 d of age (Nir et al., 1993) . In the Siberian hamster, all segments of the gastrointestinal tract except the esophagus exhibited a positive allometric relationship to the body mass from birth until final weaning, whereas during the post-weaning period, the increase was isometric (Wo lczuk, 2014) .
Morphological Characteristics
The African ostrich has 2 stomachs, the proventriculus, which secretes the gastric juices, and the gizzard, which has a mechanical function. Variations occurring in many aspects during the development of the stomach have been studied in various animals (Deren, 1971; Jensen, 1997; Fukuda, 2005; Mason et al., 2013; Garcia et al., 2014) . Our experiments revealed that the thickness of the simple tubular glands, compound tubular glands of the proventriculus, and the height of gizzard glands of the African ostrich increased with age. Increased thickness of glands contributes to an increase in digestive area, and, therefore, an increase in the amount of digestive juices secreted by the glands. At the same time, the thickness of the muscularis mucosa and muscular layer of the proventriculus and gizzard of the African ostrich also positively correlate with the age of the birds. This increase in muscularis mucosa and muscular layer contributes to an increase in muscle fiber, which leads to stronger muscle rhythm and enhanced digestive ability. These results indicate that the proventriculus and gizzard of ostrich chicks are not fully developed during the brood period. Further, Wang and Peng (2008) found that the villus height and width and muscle thickness in the small intestine of African ostriches were positively correlated with the age of the birds; the number of goblet cells in the intestinal villi and crypts increased rapidly up to postnatal d 45 and then decreased rapidly between d 45 and d 90. These further indicate that the gastrointestinal tract of the African ostrich in the brood period is not fully developed. However, the proventriculus of the Black Feather Duck (Zhou et al., 2015) matures between d 56 and 70, while the proventriculus of the SPF chick (Ren et al., 2015) is completely developed by d 11. These results highlight the diversity of biological development among species, although the reason for these differences, whether related to the size of the animals or their digestion ability, warrants further investigation.
Electron Microscopy Characteristics
While our electron microscopy analysis did not observe any changes in cell types, we noted the diameter of the cells became larger and the content of the cytoplasm significantly increased. Moreover, the number of mitochondria and endoplasmic reticula increased with increasing age, as did the amount of endocrine granules. Tamura and Fujita (1983) found that in normal young adult golden hamsters, immature surface mucous cells, located in the isthmus region and capable of synthesizing DNA, contain abundant free ribosomes and a small number of secretory granules; however, mature surface mucous cells contain abundant secretory granules, filling an apical granule zone. The mucous cells of the parotid gland of the infant Japanese macaque (Ikeda et al., 2001 ) contained electron-lucent secretory granules and bipartite or tripartite secretory granules. By 3 mo of age, there was a scarcity of mucous cells and a concomitant increase in transitional cells. These transitional cells were intermediate in structure between mucous and serous cells, and contained 3 types of granules: electron-lucent, bipartite or tripartite, and electron-dense. None of the cells showed apoptotic figures. These changes contribute to the synthesis of digestive enzymes (Shi et al., 2012; Zhou et al., 2015) . These results suggest that there is an active function of the proventriculus and gizzard of ostrich chicks by d 90.
CONCLUSION
Our study shows that from d one to d 90, the proventriculus and gizzard of the African ostrich are in the process of development and maturing physiological function. Therefore, in artificial feeding, we recommend paying attention to food that is rich in nutrition and easy to digest and absorb. If necessary, a fermentation agent can be added in the diet so that the forage can be degraded easily. Resistance of the ostrich to disease is different at each growth period, and, therefore, we advise a tailored prevention and treatment plan for each growth phase. These suggestions should help reduce disease of African ostrich chicks and help improve productivity.
